The process of flat-slab subduction results in complex deformation of overlying forearcs, yet how this deformation decays with distance away from the zone of underthrusting is not well understood. In south central Alaska, flat-slab subduction of the Yakutat microplate drives shortening and rock uplift in a broad coastal orogenic belt. Defined limits of the zone of underthrusting allow testing how orogenesis responds to the transition from flatslab to normal subduction. To better understand forearc deformation across this transition, apatite (U-Th)/He low temperature thermochronometry is used to quantify the exhumation history of the Kenai Mountains that are within this transition zone. Measured ages in the northern Kenai Mountains vary from 10-20 Ma and merge with the exhumation pattern in the Chugach Mountains to the northeast, where high exhumation occurs due to flat-slab-related deformation. In the southern Kenai Mountains, however, ages increase to 30-50 Ma across a transition near Seward, Alaska, above the zone from flat-slab to normal subduction. These ages are relatively old in comparison to ages determined in other studies in southern Alaska and suggest minimal exhumation. Furthermore, transitions in topographic expression of the coastal orogen also occur at the margin of Yakutat underthrusting. These observations suggest that either deformation associated with flat-slab subduction requires tens of kilometers to decay with distance away from the zone of underthrusting, or that orogenesis in the Kenai Mountains is driven by a distinct tectonic cause. A potential driver of deformation is underplating of thick sediments, specifically the Surveyor Submarine Fan, along the Aleutian Megathrust, analogous to the tectonic mechanism responsible for the emergence of the Kodiak Island forearc. If correct, this may represent a recent tectonic transition in the region, given the minimal exhumation of the rugged Kenai Mountains despite the presence of an erosion-conducive glacial climate.
Introduction
Deformation in the upper plate of subduction zones relates to the orientation and morphology of the down-going plate (Fisher et al., 1998; Brandon et al., 1998; Dominguez et al., 2000) . Lateral transitions in slab dip and morphology along a trench can lead to complex patterns of forearc development and uplift. For example, a change in subduction angle from steep to flat-slab may cause a gradual increase in upper plate shortening and rock uplift (Gutscher et al., 2000) . Instances of flat-slab subduction in Central America and the Andes show that widespread deformation and uplift above the flat section decreases in intensity with gradual increase in subduction angle (Gutscher et al., 2000; Ramos et al., 2002) . How upper plates respond along sharp transitions in slab subduction and geometry is less well known.
The Kenai Peninsula is part of a~2000 km long exhumed accretionary prism and forearc along the southern margin of Alaska ( Fig. 1 ) (Plafker et al., 1989) . The region undergoes active rock uplift related to flat slab subduction, oblique collision, and accretion of the Yakutat microplate (Plafker and Berg, 1994; Haeussler et al., 2000) . Intense deformation and exhumation occurs in the Wrangellia-St. Elias and Chugach Mountains, which are undergoing accretion directly related to Yakutat collision (Spotila and Berger, 2010; Arkle et al., 2013; Enkelmann et al., 2015) . The mountainous forearc continues beyond the Yakutat microplate to where normal subduction of the Pacific plate occurs along the Aleutian Megathrust. The coastal mountains are rugged, have high topography (mean elevation 1000 m above sea level [asl] ), and are deeply incised by glaciers . The Kenai Mountains span both the western limit of the Yakutat plate and normal Pacific plate subduction, providing a unique opportunity to study deformation across a sharp transition in down going slab geometry and morphology.
The approach of this study is to provide a first order constraint on the timing and magnitude of exhumation across the Kenai Mountains from which no previous thermochronometry has been documented. We measured apatite (U-Th)/He ages (AHe) across the Kenai Peninsula to test the effect of the slab transition on deformation of the forearc. Specifically, we sought to test whether a localized zone of rapid rock uplift occurred outside of the lateral transition zone away from the Yakutat plate, as suggested by the distribution of rugged topography. Our results using difficult lithologies provide the first quantitative values for exhumation associated with the unique tectonic transition.
Background

Flat slab subduction in Southern Alaska
Flat slab subduction drives upper plate deformation and orogenesis that can penetrate hundreds of kilometers into overriding continental lithosphere (English et al., 2003; Li and Li, 2007; Ramos et al., 2002) . The common view is that flat slab subduction is linked to buoyant oceanic crust associated with thickened oceanic plateaus, hot-spot trails, or rapidly subducting, young slabs. After onset of flat slab subduction, upper plate shortening propagates landward and drives exhumation and broad surface uplift of the forearc, magmatic arc, and back arc basin, development of fold-thrust belts with widespread fault reactivation, and migration of arc volcanism (Little and Naeser, 1989; Berger et al., 2008; Gutscher et al., 2000; Ramos et al., 2002; Finzel et al., 2011; Gardner et al., 2013) . Tectonic underplating of the slab and overlying off-scraped sediments may also contribute to uplift and exhumation (Fuis et al., 2008; Ducea et al., 2009) .
Flat slab subduction is hypothesized to be the primary cause of modern orogenesis in southern Alaska (Plafker, 1987; Bruhn et al., 2004; Abers, 2008; Haeussler, 2008; Riccio et al., 2014) . The driver for flat slab subduction is considered to be the Yakutat microplate, an exotic terrain consisting of an over-thickened (11-22 km) oceanic plateau that collides at 50 mm/yr into and subducts at a low angle beneath the North American plate (Figs. 1, 3; Plafker and Berg, 1994; Fletcher and Freymueller, 1999; Haeussler et al., 2003; Freymueller et al., 2008; Christeson et al., 2010; Elliott et al., 2010; Worthington et al., 2012) . Flat slab subduction and associated collision in the St. Elias orogen initiated in the Middle Miocene (Plafker and Berg, 1994; Perry et al., 2009; Enkelmann et al., 2010) . The leading edge of the Yakutat plate is now located~250 km northwest of the subduction zone at~150 km depth under central Alaska (Ferris et al., 2003) . The western trailing edge of the Yakutat plate is situated underneath northern Kenai Peninsula today and bends alongside the down going Pacific plate (Figs. 1, 3; Eberhart-Phillips et al., 2006; Fuis et al., 2008) . Flat subduction of the Yakutat plate drives convergent deformation and orogenesis for hundreds of kilometers throughout the overriding plate (Mazzotti and Hyndman, 2002; Bruhn et al., 2004) . The effect of this deformation includes widespread acceleration of exhumation (Enkelmann et al., 2010; Spotila and Berger, 2010) , basin inversion Ridgway et al., 2011) , and cessation of subduction related volcanism since the Eocene (Pavlis and Roeske, 2007) .
Although the effects of Yakutat subduction are clearly expressed in the central and southern Alaska mountain ranges that lie directly above it, including the St. Elias, Chugach, Tordrillo, Talkeetna, and Alaska Ranges (Spotila and Berger, 2010; Arkle et al., 2013; Haeussler, 2008) , the spatial and temporal characteristics of the transition to areas beyond the leading edge of the subducting microplate are not clear. Deformation related to the Yakutat plate has been suggested to penetrate 600-800 km northeast and 150-200 km northwest of the collision zone ( Fig. 1 ; Mazzotti and Hyndman, 2002; Finzel et al., 2011) . Evidence for this deformation is seen in basin inversion and faulting away from the immediate zone of Yakutat subduction (Pavlis and Roeske, 2007; Ridgway et al., 2007; Finzel et al., 2011; Haeussler and Saltus, 2011) , but it is not fully understood how upper plate deformation decreases with distance from the subducting slab or what transitions occur at the margin of the slab. The Kenai Peninsula is an example of such a location that lies at the transitional zone just outside of Yakutat flat slab subduction.
The Kenai Peninsula
The Kenai Peninsula is a northeast trending forearc high situated along the transition from flat slab subduction of the Yakutat plate to normal subduction of the Pacific plate beneath southern Alaska (Fig. 1) . The peninsula forms the westernmost component of a continuous arc of mountainous topography that extends as far east as the Fairweather Range . The rugged Kenai Mountains are located along the peninsula south of the Turnagain Arm, and is the southwestern continuation of the Chugach Mountains to the northeast.
Although the Kenai Mountains are situated to record the changes in deformation and rock uplift that occur at the edge of flat subduction, little is known about its recent deformational and denudational history.
The Kenai Peninsula is composed of the Cretaceous and early Tertiary Chugach and Prince William terranes and associated TertiaryNeogene cover over the Jurassic terrane underlying the Kenai lowlands (Fig. 2) . These terranes were accreted to the forearc in the Late Cretaceous to early Tertiary via motion on the Border Ranges and Contact faults (Freeland and Dietz, 1973; Plafker et al., 1989; Plafker and Berg, 1994; Haeussler et al., 2003; Fuis et al., 2008) . The terranes were metamorphosed and intruded due to subduction of the Kula-Resurrection ridge from 57-52 Ma (Haeussler et al., 2003; Bradley et al., 2000) . The Yakutat plate began subducting beneath the southern margin of Alaska by 32-23 Ma, and reached the forearc by Late Oligocene and Early Miocene (Plafker and Berg, 1994; Haeussler et al., 2003; Finzel et al., 2011) . The uplift of the Kenai Peninsula may have been related to passage of the Yakutat plate beneath it. Sedimentary and stratigraphic relationships in Cook Inlet suggest that emergence and erosion of the Kenai Mountains began during the Miocene and became the predominant source of sediment by the Late Miocene (Kirschner and Lyon, 1973) . The Beluga formation records the onset of widespread deposition from the Kenai Mountains and is characterized by conglomeratic sandstones and the presence of epidote which is uniquely characteristic of the Chugach terrane (Kirschner and Lyon, 1973) . This timing roughly matches when the Yakutat microplate passed underneath the peninsula. The EDGE seismic transect between the Kenai Peninsula and Kodiak Island revealed an erosional backstop, where the accretionary prism is absent and older Eocene strata occur (Ye et al., 1997; Von Huene et al., 1998; von Huene and Klaeschen, 1999) . This unconformity is interpreted to be related to the passage of the trailing edge or southwest margin of the Yakutat plate beneath the region, and stratigraphic relationships place the timing of this event at 3.5 Ma (Von Huene et al., 1998) . The orientations and movements of the Yakutat and Pacific plates since 3.5 Ma have caused the trailing edge to migrate to the northeast underneath the Kenai Peninsula until it reached the present position under northernmost Kenai Peninsula and Sargent Ice field (Von Huene et al., 1998; Pavlis et al., 2004; Eberhart-Phillips et al., 2006) .
Modern deformation of the Kenai Peninsula is associated with the Yakutat collision and Pacific Plate subduction (Haeussler et al., 2003) . The axis of the peninsula lies~250 km from the modern trench (Fig. 1) . Farther north in the Chugach Mountains, which lie directly above the subducting Yakutat microplate, convergence is thought to have been primarily accommodated via thrusting and rock uplift on the Contact fault since the Mid-Miocene (Arkle et al., 2013) . The role of the Contact fault in deformation along the Kenai Peninsula has not yet been defined. The Border Ranges fault is the other major fault in the region and is thought to act as the modern backstop to forearc deformation in the Chugach and Kenai Mountains (Plafker et al., 1989; Plafker and Berg, 1994; Arkle et al., 2013) . The Border Ranges fault experienced dextral and contractional reactivation in the Neogene, but is buried by undeformed late Tertiary glacial deposits along the Kenai Mountains (Pavlis and Bruhn, 1983; Little and Naeser, 1989; Plafker et al., 1989; Plafker and Berg, 1994) . Contractional deformation also occurs west of the Kenai Peninsula in the Cook Inlet. This forearc basin consists of a succession of Mesozoic and Cenozoic sediment, sourced from the surrounding mountains, that are 12 km-and 7 km-thick, respectively (Fisher and Magoon, 1978; Bruhn and Haeussler, 2006) . Active shortening in the basin due to coupling along the megathrust ranges from 0.3 to 2.7 mm/yr and is manifest as a series of Pliocene to Quaternary anticlines and several mm/yr dextral and reverse slip along the Castle Mountain and Bruin Bay faults (Hartman et al., 1974; Cohen and Freymueller, 1997; Haeussler et al., 2000; Parry et al., 2001; Bruhn and Haeussler, 2006; Willis et al., 2007) (Fig. 3) . This recent deformation has been attributed to a combination of the Yakutat collision to the east and subduction of the Pacific plate below the region (Haeussler et al., 2000) .
Although sedimentary records in Cook Inlet suggest that the Kenai Mountains began eroding during the Late Miocene, the spatial pattern, magnitude, and rate of uplift and erosion are not constrained. The Kenai Mountains consists of a 150-km-long elliptical mountainous region that is the southern continuation of the coastal orogen (Fig. 3 ). The Kenai Mountains have an average height of~2000 m asl and tapers gradually to the west, where it is juxtaposed by the Border Ranges fault, causing an abrupt linear trend against the Cenozoic fill of Cook Inlet. On the east the range is dissected by glacial fjords, where cirques are submerged below sea level. The apparent subsidence on the east flank of the mountains is estimated to be~100-300 m (Plafker, 1969) which may have been caused by a combination of rising sea level, climate changes during the LGM, and dynamic subsidence. The summits of the Kenai Mountains are heavily glaciated, capped by the Sargent and Harding icefields. These icefields give the range a welt-like appearance, as an elliptical concentration of high elevation that tapers off radially before merging with the Chugach Mountains (Fig. 4) . Because of the presence of glaciers, mean slopes for Alaska mountain ranges are lower than expected based on the steepness of bare bedrock surfaces . In the Kenai Mountains, for example, unglaciated surfaces above modern glacial trimline tend to be at or beyond the angle of repose. Nonetheless, the average slope in the Kenai Mountains (17°) is comparable to that observed in both the Chugach (19°) and St. Elias (16°) ranges, both of which lie directly over the Yakutat slab Arkle et al., 2013) . The welt-like nature of the Kenai Mountains is also apparent in the geometry of drainage basins (Fig. 5) . North of the Kenai Mountains, the main divide occurs near the eastern edge of the peninsula, whereas in the Kenai Mountains the divide steps west to the central axis of the peninsula and separates much smaller basins. The concentration of high elevation, relief, and glacial coverage into a welt in the Kenai Mountains suggests it may be a locus of rock uplift, similar to the bull's eye of rock uplift in the comparably rugged western syntaxis of the Chugach Mountains at the north end of Prince William Sound (Arkle et al., 2013) .
Glacial climate and associated glacial and periglacial processes are probably a contributing factor to the ruggedness of the Kenai Mountains. The eastern side of the Kenai Peninsula experiences a wet maritime climate with~180 cm/yr precipitation, whereas the western side experiences a colder continental interior climate with onlỹ 50 cm/yr precipitation (National Climate Data Center, 2005 . A result of this orographic gradient is heavier glaciation of the eastern flank, where glacial equilibrium line altitude (ELA) drops tõ 800 m asl, whereas on the western flank ELA is above 1200 m asl (Péwé, 1975; Mann and Peteet, 1994; Wiles et al., 1995) . During the local last glacial maximum, estimated to have been~23 ka for this region (Karlstrom, 1961) , the ELA was 300-500 m lower and glaciers covered the majority of the peninsula (Wiles et al., 1995) . Based on the warm maritime setting, glaciers throughout the Quaternary on the Kenai Peninsula are likely to have been wet-based and therefore highly erosive (Péwé, 1975) .
The exhumation history of the Kenai Mountains has not yet been documented because of a lack of previous low temperature thermochronometry in the coastal orogen (Fig. 1) . However, previous work has defined the exhumation pattern of neighboring ranges. Apatite fission-track and (U-Th)/He ages from the Chugach and St. Elias ranges reveal rapid exhumation of N 1 mm/yr and up to 5 mm/yr in the core of the Yakutat collision zone, tapering away to b0.1 mm/yr to the north and west (Spotila et al., 2004; Enkelmann et al., 2010; Spotila and Berger, 2010) . Local concentrations of late Cenozoic exhumation of 0.4-0.5 mm/yr occur in a bull's eye of the western Chugach syntaxis at Mount Marcus Baker and along splay faults in Prince William Sound, including on the Patton Bay fault on Montague Island (Arkle et al., 2013; Ferguson et al., 2015; Haeussler et al., 2015) . These exhumation hotspots decay to average rates of b0.05 mm/yr in the Chugach Mountains and northern portion of the Kenai Peninsula . Testing whether a hotspot of exhumation occurs in the Kenai Mountains and relating this exhumation to regional tectonics are the main goals of this study.
Methods
Low temperature thermochronometry was used to constrain the exhumation history of the Kenai Mountains. We obtained seventeen new apatite AHe ages across the region, where no previous low temperature thermochronometry had been completed. Sample locations were broadly distributed to provide regional spatial coverage, although locally samples were clustered to provide a range of elevation. However, rugged terrain prevented the collection of good vertical sample profiles. Samples were collected via helicopter and where trail access was possible. AHe ages are based on the radiogenic production and thermal diffusion of 4 He and record cooling from closure temperatures of~50-70°C, or exhumation from~2-3 km depth for typical geothermal gradient (i.e. 25°C) (Farley, 2000; Ehlers and Farley, 2003) . Closure temperatures for AHe are dependent on multiple factors, however, including cooling history, crystal grain size, and radiation damage (Farley, 2000; Ehlers and Farley, 2003; Flowers et al., 2009; Brown et al., 2013) .
AHe ages were measured at Virginia Tech on both single and multigrain aliquots. Dated apatite grains were generally N 70 μm in diameter and were selected under 100× magnification based on distinct crystal habit, birefringence, relief, and lack of obvious microinclusions or fractures. Aliquots were outgassed in Pt tubes in a resistance furnace at 950°C for 20 min and analyzed for 4 He by 3 He spike and quadrupole mass spectrometry. Radiogenic parent isotopes were measured at the University of Arizona using isotope dilution and ICP mass spectrometry. Predicted age uncertainty is~5% (1σ), based on instrument precision and F T calculations (Farley, 2000) . However, average observed standard deviation of measured ages was 19.5% (1σ) ( Table 1 ). In addition, 19 outlier age determinations (17% of total) were culled from the data set prior to the calculation of mean ages, on the basis that they were more than double the mean age and thus likely anomalous (Table 1) . Comparably large uncertainties have been observed in other nearby studies (11-17%, 1σ) Arkle et al., 2013; Ferguson et al., 2015) , suggesting that local lithologies (graywacke, metaflysch) are problematic for AHe dating. For this reason, we took the approach of Berger et al. (2008) and measured a high number of replicate analyses per sample (~6, but as high as n = 13) to improve reproducibility.
Several samples (12Kn7, 12Kn8, 12Kn12) had particularly poor reproducibility that seems to relate to poor apatite quality, crystal grain size, and abundance. Fig. 6 shows example apatite grains and lithologies that are representative of these samples. Reasonable quality apatite occurred in some samples that are typical of other studies (A and B in Fig. 6 ). In contrast, many of the apatites were opaque, broken along their basal cleavage, i.e., parallel to 001 plane, or fractured (C-G in Fig. 6 ). The surfaces of many grains were also frosted, etched, or rounded, possibly associated with sedimentary transport and post-burial alteration. Anomalously old ages may result from the presence of radiogenic microinclusions that went undetected in these visually imperfect grains. Observed age dispersion may also result from the occurrence of fractures or other crystal imperfections, which introduce the possibility for loss of 4 He, loss of parent radiogenic material, and complications in correctly measuring F T values (Brown et al., 2013) . Differences in chemistry, parent atom zonation, and radiation damage are other potential causes of age dispersion (Flowers et al., 2009) , particularly given that our samples are sedimentary or metasedimentary in origin and thus consist of multi-sourced detrital apatite. Rough positive correlations between eU and AHe age for several samples suggest that radiation damage could be a contributing factor to the observed age dispersion. However, a surprising result of this study is that measured ages on large, fractured, opaque single grain with microinclusions, which traditionally would have been avoided, reproduced reasonably well (H and I in Fig. 6 ).
Results
The range of measured AHe ages in the Kenai Mountains is~10-58 Ma (Fig. 2) . These ages are relatively old in comparison to other studies in southern Alaska (e.g. Spotila and Berger, 2010; Arkle et al., (Fig. 7A ). This trend is consistent with observations by Buscher et al. (2008) farther north in the Chugach Mountains, which are interpreted to represent an AHe partial retention zone that was tilted up on the east via greater exhumation along the Pacific coast. However, existing sample coverage does not permit a unique characterization of AHe isochron geometry. Likewise, sample coverage does not permit determination of age-elevation relationships. The few samples that do span a range of relief in close proximity to each other do not indicate an obvious age-elevation trend.
Although measured ages become younger to the southeast towards the Contact fault, they do not bear any other obvious relationship to mapped faults. However, one measured age may require a local tectonic explanation. Sample 12Kn13 from the southern part of the peninsula produced a younger age (9.5 Ma) that does not fit with the regional pattern (Fig. 2) . Given that only one sample in the region shows this young age, however, we consider it to be an unexplained local phenomenon and additional data would be required to understand its significance.
The old AHe ages measured in this study are older than any ages previously measured in southern Alaska. The older ages measured in this study roughly correlate with the early Cenozoic ages measured previously in the Tordrillo Mountains (Haeussler, 2008) . The three oldest ages in the Tordrillo Mountains (39, 48, and 74 Ma) were shown to be affected by apatite zonation, but these ages may also represent a slow background exhumation rate, similar to the older ages in the Kenai Mountains. The older AHe ages from the Kenai Mountains overlap He was low and corresponds to higher uncertainty. ** "n" = number of replicates used in age. *** "N" = total number of aliquots run for age. with higher temperature cooling ages that suggest widespread rapid cooling post~52 Ma (Helwig and Emmet, 1981; Bradley et al., 2000) . This cooling event corresponds to a subduction of a slab window around 55 Ma (Bradley et al., 2000) . Our ages suggest that cooling to apatite closure temperatures must have been very rapid following this event. Since this cooling event, the upper crust must have been relatively stable and only slowly exhumed, allowing formation of a partial retention zone (PRZ).
Discussion
Despite its rugged topography, the Kenai Mountains do not appear to contain a locus of recent, rapid exhumation. Measured AHe cooling ages of 40-55 Ma are the oldest that have been measured along the coastal orogen of south-central Alaska. These ages imply that rocks of the Kenai Peninsula must have cooled quickly after passage of a slab window in early Cenozoic (Bradley et al., 2000) , but subsequently experienced minimal exhumation and prolonged crustal stasis. Based on the oldest cooling age, a calculated closure temperature of~58°C, and an assumed geothermal gradient of~22°C/km calculated from the temperature logs of COST No. 1 well in Cook Inlet (Magoon, 1986) , the average exhumation rate since 50 Ma has only been~0.05 mm/yr, although we do not expect that exhumation would have been constant throughout the Cenozoic. An alternative explanation for the observed AHe ages is that the geothermal gradient in the forearc is lower than implied by Magoon (1986) . Subduction refrigeration can accompany flat slab subduction, in which the cold down-going slab cools the overlying mantle wedge and decreases geothermal gradient by as much as 10-15°C/km (Dumitru et al., 1991; Peacock, 1996; Westaway, 2006) . If the geothermal gradient was much reduced following passage of a slab window beneath the Kenai Mountains, this could have rendered the AHe system insensitive to subsequent exhumation of even several kilometers. Without independent constraints on the mid to late Cenozoic geothermal gradient, however, this possibility is difficult to assess. We therefore elect to interpret our data using the best known estimate of current geothermal gradient (Magoon, 1986) , while acknowledging the caveat that a lower than expected geothermal gradient could account for some of the spatial variation and great antiquity of the observed ages.
Although future work will be required to better determine ageelevation relationships in the area, the high variation in old AHe ages across minimal elevation range implies the occurrence of an AHe PRZ in the Kenai Mountains. The spatial variation in ages can be loosely fit by closely stacked isochrons of a PRZ that is tilted gently down to the west away from the windward side of the range (Fig. 7B) . The orientation and location of the isochrons are difficult to define and nonunique, due to differences in sample elevation and scatter in the AHe ages. The crustal section containing this potential PRZ is less deeply eroded than the PRZ in the Chugach Mountains in the vicinity of Turnagain Arm, where ages are slightly younger (10-20 Ma) . In regional context, it therefore appears that the locus of rapid exhumation in the Chugach Mountains north of Prince William Sound identified by Arkle et al. (2013) transitions gradually to a zone of moderate exhumation in the westernmost Chugach Mountains and to a zone of minimal exhumation farther southwest into the Kenai Mountains (Fig. 8) . The transition from moderate to minimal exhumation near Seward is sharp and may represent the progressive change from the trailing edge of the Yakutat plate to the Pacific plate.
If the crest of the Kenai Mountains has experienced minimal erosion, the shape of the topography itself should represent the geometry of surface uplift responsible for creating the range. Topographic profiles show that the Kenai Mountains are a broad dome (Fig. 4) . The dome has a sharp, fault-bounded western margin. Total recent exhumation into this dome has been limited to valley incision, without lowering of upper ridge surfaces. In the northern Kenai Mountains the dome is deeply incised, whereas in the south the dome is capped by the Harding Icefield. Across the dome the elevation of peaks and ridges are somewhat concordant and can be used to define an imaginary surface that represents the limit of recent rock uplift (Fig. 4) . This dome could be produced as doubly-plunging antiformal arc of rock uplift. If correct, this interpretation suggests that the Kenai Mountains are a transient landform with erosion that lags behind surface uplift and creation of topographic potential energy (e.g. Ouimet et al., 2009; Oskin and Burbank, 2005) . The Kenai Mountains may thus provide an example of a range in the early stage of orogenesis that is in a state of disequilibrium with the local erosional setting. A minor influence of climate on exhumation pattern may be apparent in the Kenai Mountains, however. The decrease in AHe age to the southeast and implied greater depth of erosion into the PRZ of~0.5-1.0 km may be due to heavier precipitation and lower glacial ELA on the Pacific Coast (Fig. 7B) .
Several lines of evidence combine with the relatively old AHe ages of the Kenai Mountains to suggest that they are kinematically distinct from the Chugach Mountains to the north. The gross topography of the Kenai Mountains appears disconnected and offset from the core of Fig. 6 . Apatite grains and hand samples depicting the range of samples used for analysis in this study. Apatite grain A is an example of some of the best quality grains used for the study, but this quality was rare. Apatite grains B and C are broken and have imperfections on their surfaces, but still preserve crystal habit and are inclusion free. Apatite grain D is good quality but fractured on many of the edges. Apatite grain E has worn edges and is rosted, suggesting that it may have undergone transport and alteration before deposition. Apatites grains F and G are examples of some of the lowest quality apatites used for this study. Apatite grains Hand I are decent quality grains which are larger than N100 μm and were used as single grain aliquots, but grains such as these often had internal flaws and non-birefringent microinclusions. Hand sample 12KN15 is an example of a coarser grained metasandstone that yielded apatite. Sample 12KN13 is an example of the majority of samples for the Kenai Mountains, which is fine grained and produced low quality apatite. (Mann and Peteet, 1994; Wiles et al., 1995) is shown lowering towards the east due to precipitation gradient. BRF = Border Ranges Fault, CF = Contact Fault. the Chugach Mountains at the southern margin of the underthrusting Yakutat microplate. The main drainage divide and axis of highest topography in the Kenai Mountains are situated in the center of the peninsula, whereas north of Seward in the Chugach Mountains the divide and topographic axis are located near the eastern margin of the mountains close to Prince William Sound, corresponding to much larger western catchments and glacial valleys (Figs. 3 and 5) . The topographic crest jumps approximately 30 km to the west south of Seward and also changes orientation from north-south in the Chugach Mountains to NE-SW in the Kenai Mountains (Fig. 3) . Greater erosion in the Chugach Mountains may have pushed the regional drainage divide to an axis of uplift in Prince William Sound near active faults like the Contact fault (Arkle et al., 2013) . The locus of rock uplift in the Kenai Mountains may instead be focused in the middle of the peninsula, or a lower degree of erosion may have so far left the master divide in the Kenai Mountains immune to lateral shifts related to faulting, precipitation gradient, or glacier headward retreat. These transitions correspond to physical trends in the neighboring Cook Inlet. A shallowing of basin thickness to the south and increase in gravity anomalies roughly coincides with where AHe ages increase to the southwest of Seward (Mankhemthong et al., 2013) .This suggests the tectonic rock uplift of the Kenai Mountains and deformation and subsidence in Cook Inlet may be related to each other, yet distinct from the deformation and uplift of the Chugach Mountains to the north.
Although it is possible that the deformation associated with flat slab subduction that is observed in the Chugach Mountains (Arkle et al., 2013) gradually tapers off with distance from the underthrusting plate, the transitions in exhumation and topography around Seward (Fig. 3) , within the transition zone of slab dip from flat to normal subduction, suggest a fundamental change in tectonic origin of forearc deformation. An alternative explanation for uplift of the Kenai Mountains other than from the underthrusting Yakutat microplate is underplating along the Aleutian megathrust. Underplating along a subduction zone occurs when subducting sediment and oceanic crust adhere to the upper plate, because of down going plate roughness, over-thickened sedimentary cover, or mantle wedge melting (Zhou and Li, 2000; Ducea et al., 2009) .The subducting Pacific plate is covered by thick deposits derived from the surrounding orogens, which could inhibit subduction and lead to underplating (Pavlis and Bruhn, 1983) . Surveyor submarine fan deposits are up to 4 km thick offshore the Kenai Peninsula and stretch from the St. Elias orogen to the southern edge of Kodiak Island (Reece et al., 2011; Fig. 1) . The associated accretionary prism offshore of the Kenai Peninsula has a broad mid-slope terrace unlike the surrounding region along the Aleutian trench, which is indicative of being influenced by a region of a rough down-going plate (Fruehn et al., 1999; von Huene and Klaeschen, 1999) . Ye et al. (1997) identified a low velocity zone along the seismic EDGE transect which was interpreted as underplated sediments. In addition, a mid to upper plate discontinuity dipping~20°t o the northwest underneath the Kenai Peninsula was previously discovered by Stephens et al. (1990) .Underplating on Kodiak Island is thought to occur near the brittle-ductile transition (~10 km depth) and result in widespread penetrative shortening and exhumation (Clendenen et al., 2003; Carver and Plafker, 2008) . Our results imply that the Kenai Mountains are experiencing rock uplift due to forearc growth associated with underplating processes that are comparable to those inferred for the longer history of deformation on Kodiak Island (Pavlis and Bruhn, 1983) .
If underplating has been responsible in part for rock uplift of the Kenai Mountains, it is unclear when this process began and what fraction of uplift it is responsible for. Stratigraphic and provenance relationships in Cook Inlet imply that the Kenai Peninsula became emergent in the Late Miocene (Kirschner and Lyon, 1973; Finzel et al., 2011) , although it is not clear how high or widespread the mountainous topography was at this time. In contrast, the low exhumation implied by our data suggests that surface uplift has outpaced rock uplift, which we expect should require a recent pulse of surface uplift given the highly erosive nature of the temperate maritime glacial setting. Erosion rates in this setting could easily be N1 km/Ma (Riihimaki et al., 2005; Koppes and Hallet, 2006; Headley et al., 2013) , which would have resulted in reset AHe cooling ages and removal of the PRZ in only a few million years. It is thus possible that the Late Miocene emergence of the peninsula involved minimal topographic growth, and that the majority of the Kenai Mountain relief has been produced only in the last few million years. One possible explanation is that the Late Miocene uplift of the Kenai Peninsula resulted from passage of the Yakutat microplate below it. Based on tectonic models, the trailing edge of the microplate should have passed between Kodiak Island and the tip of the Kenai Peninsula at about 3.5 Ma, and subsequently would have tracked north under the Kenai Mountains to its present position (Fig. 1) (DeMets et al., 1990; Von Huene et al., 1998; von Huene and Klaeschen, 1999; Fruehn et al., 1999; Pavlis et al., 2004 ). Significant underplating may have then begun in the absence of the microplate and arrival of the thickly blanketed subducting slab, resulting in a renewed phase of rock uplift for the Kenai Mountains. If underplating is indeed active beneath the Kenai Mountains, it is possible that continued rock uplift will eventually grow the Kenai Peninsula southwards to eventually connect with Kodiak Island.
Conclusions
Although the topography of the Kenai Mountains is rugged, suggesting rapid exhumation, measured AHe ages are older here than in other southern Alaska mountain ranges. These results were only obtainable via extensive replicate dating of sub-optimal apatite grains, given the challenging nature of the local bedrock. The old AHe ages indicate that the Kenai Mountains have not experienced recent, rapid exhumation of sufficient magnitude to reset the AHe thermochronometer (~1-2 km). The Kenai Mountains are therefore distinct from the locus of sustained concentrated rock uplift that has been identified in the Chugach Mountains north of Prince William Sound (Arkle et al., 2013) . The minimal exhumation and topographic character suggest that the Kenai Mountains have distinct uplift kinematics from the rest of the coastal orogenic belt to the north and east. We hypothesize that early emergence of the Kenai Peninsula was driven by flat slab subduction, as the trailing edge of the subducting Yakutat plate passed northeastwards below it between the Late Miocene and Pliocene. We further hypothesize that a subsequent, localized pulse of rock uplift has occurred recently in the area of the Kenai Mountains due to underplating associated with thick sediments that sit atop the subducting Pacific Plate. This would make the modern Kenai Mountains analogous to the forearc deformation that has produced Kodiak Island. These findings illustrate the dynamic, localized complexity of emergent forearc deformation in response to the variation in orientation and character of subducting slabs. The results also suggest that the Kenai Mountains are an unusual orogen that is in disequilibrium with the local erosional setting, presumably due to recent onset or acceleration of surface uplift. Despite the potential for aggressive glacial erosion given the local climate, erosion significantly lags behind rock uplift.
